Patterns of spike activity were measured in the pericruciate cortex of conscious cats before and after development of a Pavlovian conditioned eye blink response. Unit activity was tested with presentations of a click conditioned stimulus (CS) and a hiss discriminative stimulus (DS) of similar intensity to the click. Unit discharge in response to the CS increased after conditioning, but not after backward conditioning when conditioned reflexes (CRs) were not performed. Rates of spontaneous, baseline discharge were not increased after conditioning with respect to rates of discharge measured in the naive state. It appeared that an increase in the ratio of C&elicited discharge to background activity, together with an increase in the number of units responding to the CS after conditioning, supported discrimination of the CS from the DS and performance of the conditioned blink response. This is the first detailed characterization of patterns of cortical neuronal discharge supporting the production of a rapidly conditioned Pavlovian response. Activation of units by the CS preceded the onset of the CR, supporting the hypothesis that the activity played a role in initiating the conditioned eye blink movement. Extinction with retention of performance of the CR was associated with perseverance of the increased unit discharge in response to the CS. Extinction with substantially reduced performance of the CR was associated with diminution of the unit response to the CS below levels found with conditioning.
Averages of patterns of spike activity elicited by the CS after conditioning showed components of discharge with onsets of 8-40 msec ((u,) , 40-72 msec (a,), 72-112 msec (@), and > 112 msec (Y), corresponding to each of four separate excitatory EMG components of the compound blink CR. Each component increased in magnitude after conditioning, relative to levels found in the naive state. The finding that long-as well as short-latency components of unit activation increased after conditioning supported the hypothesis that generation of both long-and short-latency blink CRs in normal animals may depend significantly on neural circuitry and mechanisms within the motor cortex.
The motor cortex is thought to control the generation of movement Evarts, 198 1; Woody, 1982; Georgopoulos et al., 1988; Wise and Desimone, 1988 ), but it is not yet established how populations of units pattern their discharges to influence different temporal components of movements. Although there is evidence that the motor cortex supports learned movements performed with short latencies in response to Pavlovian conditional stimuli (CS) (Woody and Black-Cleworth, 1973; Woody et al., 1974) , there is disagreement about the functional role of the motor cortex in the performance of longer-latency Pavlovian conditioned reflex, (CRs) . To investigate these questions, we examined patterns of activation of units of the pericruciate cortex of cats before and after conditioning eye blink movements with short-and long-latency components. Comparisons were made between patterns of unit activity and patterns of EMG activity underlying performance of different components of the conditioned movement. Unit activity to click CS and hiss discriminative stimulus (DS) was also compared among different behavioral states including adaptation, conditioning, extinction, and backward conditioning. Characteristic patterns of unit activity were established by combining averages of the activity of many singly recorded units. The significance of the CS and DS in eliciting CRs was assessed by separating units according to their receptivity to these stimuli (see Materials and Methods for definition). No previous assessment has been made of the role of cortical unit receptivity in rapidly acquired discriminative conditioning or of the relationship of short-and long-latency components of the firing patterns of cortical neurons to the components of concurrently performed blink CRs. The rate of acquiring these CRs was lo-100 times faster than that using the same CS and unconditional stimulus (US) without addition of electrical stimulation of the hypothalamus (Woody et al., 1974; Hirano et al., 1987) .
Material and Methods
Recordings from single units were obtained with glass microelectrodes pulled to tips of ~0.5 pm (samples measured with scanning EM) from B-capillaries and filled with 3~ KCl. Resistances of the electrodes (both barrels connected by a single Ag/AgCl wire) ranged from 15 to 40 M tl. Electrodes were inserted by means of a guide tube into the pericruciate cortex of awake cats. The cats had been prepared earlier for recording as described previously in detail (Woody and Black-Cleworth, 1973) . Stainless steel screws were implanted into the skulls of the animals using Na pentobarbital anesthesia (35 mg/kg, i.p.). The screws were used to fix the head to a stabilizing frame during later, awake training/recording sessions. Penicillin G (225,000 U, i.m.) and benza- thine penicillin G (75,000 U, i.m.) were given on the day of surgery, 3 d later during the recovery period, and at 1 week intervals thereafter, as needed. The animals were loosely restrained in cloth sleeves while their heads were fixed by previously implanted connectors to the metal frame used to hold the electrode assembly. The animals were continuously monitored by the investigators, and the experiments were discontinued at any sign of discomfort. The animals usually sat quietly throughout recording and approached the investigators readily before and after experimental sessions. EMG activity was recorded bilaterally from orbicularis oculi and levator oris muscles as described earlier . After half-wave rectification and further amplification, EMG activity immediately preceding and following each stimulus presentation was analyzed using a PDP 1 l-44 computer. To characterize the nature of the response to click CS and hiss DS in different behavioral states, histogram averages of EMG data were constructed for individual cats and then combined to form grand averages across cats (e.g., see Fig. 3 ). The magnitude of activity in response to the stimuli was expressed in Z scores relative to the standard deviation of the prestimulus baseline activity (Winer, 197 1) . Unless otherwise noted, the EMG activity that was used for analysis of each cat was taken from the left orbicularis oculi muscles. Running averages of every three responses (R,-,, R,, etc.) were also made on line during experiments and displayed on a video terminal to permit continuous monitoring of eye blink performance elicited by the CS and DS. Extracellular (EC) and intracellular (IC) unit activity were recorded with a Mentor high-impedance amplifier and stored on FM tape (Vetter 14 channel recorder; bandwidth: DC, 5000 Hz). Analyses of EC activity were confined to spikes of < 20 mV amplitude without an accompanying DC shift. Analvses of IC activitv were confined to mikes of 220 mV amplitude and-stable resting potentials after penetration (see Woody and Black-Cleworth, 1973; Woody et al., 1984) . [The resting potentials of the IC recordings averaged 53 mV with action potentials of up to 83 mV in amplitude (Aou et al., 1992) .] As in earlier studies (Woody and Black-Cleworth, 1973; Woody et al., 1976) , no significant differences were found between patterns of spike activity recorded intracellularly and those recorded extracellularly, and data were combined when making analyses of unit activity. The numbers of EC and IC units held long enough to measure patterns of activity during different behavioral states are shown in Table 1 .
Grand averages of unit activity were made concurrent with the EMG averages across animals (see Fig. 3 ). The purpose was to define representative patterns of unit activity that could be related (or not) to temporally specific components of the conditioned behavioral response. Auditory receptivity was defined on the basis of increased single-unit activity (232 above background level) at any time in the 160 msec period following CS or DS presentation. Spike occurrences were detected with a threshold discriminator (Frederick Haer) as shown in the raster display of Figure 2 . Peristimulus time histograms of spike occurrences were made with reference to times of CS and DS occurrence for each cell that was studied. Then the data from the single units, each cell weighted equally, were averaged across animals to form the histograms used to characterize patterns of activity associated with production of the CR. Additional IC recordings were made to measure neuronal membrane properties as a function ofconditioning (Aou et al., 1992) . Withinanimal studies of unit activity before and after conditioning are reported in the following article (Aou et al., 1992) , in relation to studies of neuronal membrane properties that might underly the changes.
It has been shown previously that layer V pyramidal tract (PT) cells respond selectively at short latencies to the click stimuli used as CS (Sakai and Woody, 1980) and that approximately 50% ofall penetrations of cells of the pericruciate cortical region, using our techniques, are of layer V pyramidal cells. IAs in an earlier investiaation (Naito et al.. 1969) all.HRP-identified PT cells in those studies were-found to be layer V pyramidal cells.] Thus, in the present studies, unit activity may be assumed to reflect, preferentially, the activity of layer V pyramidal cells.
Behavioral training. Conditioned (CS), unconditioned (US), hypothalamic (HS), and discriminative (DS) stimuli were presented in timed sequences during trials of behavioral adaptation, conditioning. extinction, and delayed HS (Del HS; backward-conditioning) para&ms (cf. Fig. 1 of Rim et al., 1983) . Adaptation consisted of an initial period during which a click CS and hiss DS were presented 4.4 set apart (all cats were previously naive). Conditioning was accomplished by pairing click CS with glabella tap US and HS at interstimulus intervals (ISIS) of 570 and 10 msec, respectively. The hiss DS was presented 3.8 set after the HS. Extinction was accomplished by presenting clicks and hisses without US or HS as during adaptation. The delayed HS paradigm (Del HS) was a backward conditioning paradigm in which HS preceded each pairing of the CS and US (570 msec apart) by 2.5 sec. The interval between the HS and the DS was 4.47 sec. This paradigm served as an unpaired control for backward conditioning or pseudoconditioning. Intertrial intervals (ITIs) of 10 set were used for all paradigms. The 10 set IT1 facilitated the studies of unit activity and membrane properties.
Training consisted of (1) adaptation trials followed by repeated conditioning-extinction series and then repeated Del HSextinction series or (2) adaptation followed by repeated Del HS-extinction series and then repeated conditioning-extinction series. (Not all animals received the entire series.) All testing of responses was done with presentations of click CS and hiss DS alone (as in the adaptation paradigm). Delivery of CS, US, HS, and DS during training and testing was controlled by means of the PDP 1 l-44 computer. The click CS was generated by a rectangular pulse of 1 msec duration (delivered to a loudspeaker placed l-2 feet in front of the animal). The clicks were of 70 dB intensity (General Radio Company dB meter type 1565-A) measured at the ears of the animals. The hisses were of comparable intensity to the clicks but longer duration (see Kim et al., 1983 , for amplified earphone recordings of the stimuli). The glabella tap US was produced by means of a small metal rod driven electromechanically by a solenoid to strike a screw that was previously implanted in the glabella (for complete details, see Woody and Black-Cleworth, 1973; Woody et al., 1974) . HS consisted of a train of four electrical stimuli delivered to the lateral hypothalamic region as described more fully below. Further details of the protocol used to obtain unit recordings during different behavioral states are shown in Figure 1 . All comparisons of unit responses to the CS and DS made between different behavioral states were made during presentations of the CS and DS alone. No corrections were made for air conduction over the distance of l-2 feet between the apparatus and the ears of the animals. Unit recordings were obtained before conditioning (during adaptation) in 11 cats (Table 1 , ADP) and in 5 of these cats after conditioning (COND). Studies were also made in previously conditioned cats after prolonged extinction sessions, and the data were divided into those showing extinction with retention of CR performance (Table 1 , EXT S+; n = 2 cats; mean, 350 trials) and those showing full extinction with loss of CR performance (EXT S-; n = 3 cats; mean, 340 trials). Retention was defined by the presence of EMG responses to the CS averaging > 32 above background activity and loss by-the absence of responses averaging >3Z-above backaround activitv. Effects of backward conditionina [Del HS: see Kim et al-( 1983) for reasons for calling this a "delayed"& paradigm and for evidence of its usefulness in separating forward from backward pairing effects on behavioral conditioning] were studied in six cats of which two were previously naive (Table 1 , DHS,) and the other four were previously conditioned (DHS,).
Most recording sessions included repeated extinction and reconditioning to allow the activity of many single units to be recorded in response to presentations of the CS and DS when the CR was performed and when it was absent or reduced. Judging by the absence of effects on neural excitability (see Aou et al., 1992) , the amount of reconditioning did not appear to have much influence on the results. Additional analyses were performed early and late during partial extinction (see Fig. 3 , postconditioning vs partial extinction) to evaluate changes in patterns of unit activity (and excitability; see Aou et al., 1992) due to the transition between conditioned and (partial) extinction behavioral states (Fig. 1B) .
Hypothalamic stimulation. Electrical stimulation of the hypothalamus was accomplished with bipolar, stainless steel, concentric electrodes (David Kopf Instruments, NE 100). The diameters of the concentric electrodes were 0.2 and 0.5 mm, respectively, each with an exposed tip length of 0.5 mm. Each train of stimulation consisted of four brief rectangular pulses of 200 psec duration, presented at 50 Hz. Currents of 0.6-5 mA were used with intensities adjusted to obtain optimal behavioral effects. The lateral hypothalamic region was selected as the locus of stimulation on the basis of earlier studies in which HS was used successfully to produce rapidly acquired long-latency blink CRs . [Preliminary findings suggest that HS may influence cortical neurons by activating a neuromodulatory transmitter system (Cooper and Woody, 1983) . Also, rapid conditioning of cortical units can be accomplished by local ionophoretic application of glutamate, intracortically, in lieu of HS (Woody et al., 199la) .] Since most of the cats required electrical HS of > 1 mA intensity to learn discriminative CRs rapidly, the effects of HS were not likely to have been confined to local regions. At the end of each experiment, a steady current (1 mA, 20 set) was delivered through the electrode in order to produce a small lesion. Animals were then killed with sodium pentobarbital and perfused with physiological saline followed by 10% formalin to confirm locations of electrodes by histologic analysis as shown in Figure 1 C.
Results
The activity of 462 neurons on the pericruciate cortex was recorded during different behavioral states as specified in Table  1 . As noted earlier, intracellularly and extracellularly recorded data were combined to make averages of the patterns of unit discharge associated with different states and with production of the blink CR. An example of activity obtained by recording intracellularly from a neuron of a conditioned cat is provided in Figure 2 . This neuron showed a triphasic excitatory response to the click CS. The timing of each component of increased spike discharge (Fig. 2B ) preceded corresponding (Y, 6, and y components of the CR (Fig. 2C ) measured by simultaneous EMG recordings from the orbicularis oculi muscles.
Averaged patterns of unit activity in naive, conditioned, and extinction states
The activity of single units was sampled in successive 1 msec periods and summed to form histograms of the response elicited by the click CS and hiss DS. tivity above the spontaneous background firing level was seen in response to the CS and DS (Fig. 3) . The response to the DS was slightly greater than that to the CS during adaptation. After conditioning (state 2), the size and duration of the averaged unit responses to the CS and DS increased. The mean response to the CS became >32 greater (see Winer, 1971 ) than that to the DS, and behavioral CRs to the CS were elicited discriminatively by the CS. After partial extinction of the CR (state 3), the unit response to the CS was slightly reduced compared with that after conditioning but, with continued performance of the CR, remained elevated with respect to that seen prior to conditioning.
As seen in Figure 3 , the mean rate of spontaneous firing in the conditioned state (13.0 f 0.6 spikes/set) was not different from that in the naive adaptation state (13.0 f 0.9 spikes/set). In the partial extinction state, the spontaneous firing rate averaged 11.2 + 0.6 spikes/set. The response to the CS above baseline activity remained large, and CRs were produced.
Examination of the histograms in Figure 3 suggested that unit activation preceded rather than followed elicitation of the conditioned EMG responses. EMG activation outlasted unit discharge and not vice versa (Fig. 3 , EMG vs. unit histograms, postconditioning and partial extinction). Expansion of the time scales of the histograms (Fig. 4) confirmed that the onset of the unit activity in response to the CS preceded the onset of the EMG response. Figure 4B shows that the onset and cumulative increase in spike activity elicited by the CS preceded initiation of the conditioned (Y, motor response by approximately 7-8 msec. [This is the conduction delay expected between motor cortex, facial nucleus, and periphery (Woody and Yarowsky, 1972 ).] Figure 4A shows that the peak of unit activity in response to the CS preceded the peak EMG response. Although the irregularity of spike discharge masked the timing of the later increases, further analyses, to be described in more detail below (Fig. 5) , found spike responses with onsets corresponding to each component of the conditioned EMG response.
Components of mean unit response to the CS versus components of the conditioned behavioral response The relation of unit discharge to different components of the CR was examined in more detail by classifying units recorded during adaptation and conditioning according to the onset latency of their response to the CS. Onset latencies were defined by activity (per 4 msec) exceeding 2 SD above the mean of the 40 msec period of baseline activity preceding delivery of the CS. (A 2 SD level was needed here to detect the onsets of the responses.) The periods used for classification were 8-40 msec (a,), 40-72 msec (cu,), 72-l 12 msec (P), and 112-160 msec (7) after the CS. These periods were selected to precede by 8 msec (the approximate transmission time from motor cortex to blink musculature) the related components of the conditioned EMG responses. Averages of the spike activity of units classified in this way (Fig. 5A) showed that the amplitude and duration of each component of unit activity, corresponding to the components of the CR, increased after conditioning.
Figure 5B compares percentages of units with onset latencies (7) lO ( (22) 39 (26) 28 (13) Numbers of cells that were recorded intracellularly are shown in parentheses; abbreviations are similar to those in Figures l-7. Analyses were made of unit responses to click CS and hiss DS before conditioning (ADP), following successful conditioning and reconditioning of blink CRs (COND), after extinction of the CR (EXT), and following backward conditioning (DHS; data taken at same times as in COND) using a reversed order of HS pairing (Del HS paradigm; see in place of the forward order of CS-US-HS pairing. 0 These cats were conditioned prior to extinction of the CR. Further information on the paradigms and the numbers of cells studied is given in Figure 1 and Table 2 . The number of units responding in the period 16-24 msec after CS delivery was increased when there was retention of performance of the CR (Fig. 5B ). (The number was also increased immediately after conditioning, but not so greatly as after prolonged extinction in the Ext S+ group.) Increases in unit activity in the period L 112 msec after the CS were found in cells with onsets of activation corresponding to each component of the CR (Fig. 5A ). This suggested that activation of some cells could support production of more than one component of the conditioned response (compare Fig. 2) . The increases in the late components of activity were without clear peaks at any one latency over the period of extended discharge (see Fig. 5A ).
After conditioning, an inhibition of discharge was noted in the 80 msec following CS delivery in cells with onsets of increased activity in the period 112-l 60 msec after the click (Fig.  5A) . The low baseline firing rates of the cortical neurons prevented clearer definition of these patterns of inhibited discharge. 
Unit activity after extinction and backward conditioning
Averages of activity from CS-responsive and -unresponsive Further analyses were made to characterize patterns of activity units (Fig. 6) were made in each behavioral state as follows: (1) after prolonged extinction (see Fig. 1 ) and after backward conadaptation (Adap), (2) the period after conditioning (Cond) from ditioning. In these analyses (Fig. 6 ) the averages of unit activity postconditioning through partial extinction (see Fig. lB ), (3) were separated into data obtained from CS-responsive and CSsubsequent extinction trials with learning savings (Ext S+), (4) unresponsive (or less responsive) groups of units. The numbers subsequent extinction trials without savings (Ext S-), (5) the of cells responding to the CS and DS are shown as a function period comparable to the Cond period following backward conof behavioral state in Table 2 . A responsive unit was defined ditioning in animals that received no previous conditioning trias one with activation of discharges I 32 above (pre-CS) base-als (DHS,), and (6) trials were included in analyses of spike activity from units in each group (Table 2) .] Each behavioral state in which performance of CRs was observed (Cond, Ext S+, and DHS,) showed discriminative unit responses to the CS (see Fig. 6 ). Although CS-responsive cells were identified without regard to whether the onset of increased Table 2 . Percentage (%) and number (n) of CS and DS-responsive cells (activity 232 above baseline in any 4 msec period from 0 to 160 msec after click and hiss, respectively) and unresponsive cells (activity (3 Z above baseline) as a function of behavioral state activity preceded or followed the onset of the blink, the patterns of discharge of these cells reflected the multiple components of the CR and had earlier onsets than the movements. The increases in discharge elicited by the CS persisted through prolonged extinction sessions with savings of performance of the CR (Fig. 6 , Ext S+). With full extinction of the conditioned blink response (Ext S-), the unit response to the CS was reduced and did not exceed 32 above the baseline activity. This behavioral state (Fig. 6 , Ext S-) showed a particularly pronounced reduction of the short-latency components of unit discharge in response to the CS. In animals given backward conditioning without any prior conditioning sessions, unit activity in response to the CS was not increased above levels found during adaptation (Fig. 6 , Adap vs. DHS,). In animals that received Del HS after previous conditioning of blink CRs, the spike response to the CS was large (Fig. 6, DHS,) . Patterns of both spike and EMG activity in response to click CS in the DHS, animals were consistent with a sensitization of the previously conditioned response.
The spontaneous activity of CS-responsive units (Fig. 6 ) was much the same as that of CS-unresponsive units during adaptation and conditioning. (There was no increase in spontaneous rates of discharge in CS-responsive or -unresponsive cells after Table 2 . conditioning compared with rates during adaptation.)
An increase in spontaneous activity was observed in the CS-unresponsive cells during prolonged extinction. This increase was greater when the performance of the CR was reduced (Ext S) than when not (Ext S+). During Del HS without previous conditioning, CS-unresponsive cells also showed a higher level of averaged spontaneous activity than did CS-responsive cells (Fig.  6 ). Spontaneous activity of CS-responsive cells increased in animals given backward conditioning after prior conditioning sessions with development of a blink CR, and the activity of CSunresponsive cells was also elevated.
Activity of CS-versus DS-responsive cells
To evaluate activity as a function of unit receptivity in more detail, units were divided into units responding to click alone, units responding to hiss alone, units responding to both click and hiss, and units that failed to respond to either click or hiss (Table 2 , Fig. 7 ). Responsiveness to the CS and DS was defined, for each behavioral state in which CRs were consistently elicited by the CS (Fig. 7) . Click-responsive cells and "both''-responsive cells showed sizeable unit discharges in response to the CS, while hiss-responsive cells showed only weak responses to hiss DS. This was consistent with discriminative elicitation of the CR by the CS and not the DS. The ratio of CS-evoked activity to background activity was greater in the cells that were responsive to both click and hiss, and the response was discriminative in that group as well as in the cells that responded to click alone. Increased levels of spontaneous activity were found in clickresponsive cells and hiss-responsive cells of animals that received backward conditioning after prior blink conditioning (DHS,).
Discussion
The activity elicited by a click CS in units of the motor cortex of cats increased relative to that elicited by a hiss DS after rapid conditioning of a compound eye blink reflex (Fig. 3) . Unit activity in response to click was not comparably altered after backward conditioning (Fig. 6 , DHS,) with HS preceding click and tap. Backward conditioning was ineffective in producing sustained CRs. The rapidly conditioned blink CR used in these studies had more components than did previous blink CRs acquired after use of the same CS and US without HS (Woody and Brozek, 1969) or with addition of HS at a different IS1 Woody et al., 1983; cf. Voronin and Ioffe, 1974; Voronin et al., 1975) . (The CRs produced by pairing click CS and tap US had short-latency components; those produced by adding HS had long-latency components.) Use of an IS1 of 570 msec between click CS and tap US plus HS (as opposed to an IS1 of 200-400 msec) facilitated production of multiple components of the CR (Hirano et al., 1987) .
Patterns of unit activity related to direrent components of the blink CR Short-, intermediate-, and long-latency components of the blink CR had counterparts in the patterns of discharge elicited by the click CS in the cortical cells. When classified according to onsets of response activity, components of unit discharge were found with onsets between 840 msec (a,), 40-72 msec (c+), 72-l 12 msec (p), and > 112 msec (y latency) following presentation of the click CS. A fifth response component could be observed after conditioning that showed a decrease in unit activity in the 80 msec following delivery of the CS. It was conspicuous in neurons showing increased activity in the period 112-l 60 msec after CS presentation (Fig. 5A ). Many single units were found in which activity elicited by the CS was correlated with more than one component of the blink CR (Figs. 2, 54) .
Each latency period of the unit response exhibited conditioning-dependent increases in CS-evoked activity relative to the activity found in naive animals. The changes were characterized by (1) an increase in the magnitude of discharge elicited by the CS, (2) an increase in the proportion of units found to respond to the CS, and (3) an increase in the (signal-to-noise) ratio of CS elicited activity to background activity. These increases in CS-evoked unit activity after rapid eye blink conditioning resembled changes in activity found earlier with slower conditioning of a simpler blink response using the same click CS and tap US without associated HS . Thus, it seemed unlikely that the rapidly acquired CRs represented a substantially different form of conditioning than the more slowly acquired form.
Control of initiation of movement
Our findings support the hypothesis that the motor cortex controls the initiation of conditioned movements of both short and long latency. Earlier studies have noted that neurons of the cat motor cortex become active before movement onset (e.g., Woody and Engel, 1972; Vicario et al., 1983; Martin and Ghez, 1985) and respond to auditory stimuli at short latencies (Sakai and Woody 1980) . In the present study, activation of unit discharge by the CS preceded rather than followed the onsets of the conditioned EMG responses. Cumulative increases in CS-evoked spike activity preceded initiation of the conditioned cy, motor response by approximately 7-8 msec (Fig. 4B) , the delays appropriate for transmission between cortex and periphery (Woody and Brozek, 1969; Woody and Yarowsky, 1972) . Since EMG activation outlasted the unit response (Fig. 3) , the conditioned movement apparently contributed little to the pattern of cortical unit activity elicited by the CS.
Much the same patterns of unit response to the CS were associated with performance of the blink CR early and late during partial extinction when performance of the CR was retained. After prolonged extinction, when the CR was not performed, the CS-responsive units showed a reduction of response consistent with decreased performance of the CR. The CS-unresponsive (or less responsive) units showed an increased rate of background firing. This increase in activity was associated with behavioral states that produced a suppression of CRs. Cells with little or no response to the CS may therefore play a role in active inhibition of CR performance, for example, through descending inhibitory pathways to motoneurons (Asanuma and Sakata, 1967; Sauerland et al., 1967a,b; Jankowska et al., 1976) . Cells of the motor cortex that are not auditory responsive tend to be of different morphologic type than those that respond at short latencies to click (Sakai and Woody, 1980) . The differences between CS-responsive and -unresponsive cells may thus reflect differences between types of cortical cells and their pathways.
Spontaneous firing
Although enhancement of background firing activity has been reported by several authors to be caused by conditioning procedures (Vasillevsky and Trubachev, 1969; O'Brien et al., 1973) , rates of spontaneous (baseline) unit discharge were not increased by the present conditioning paradigm. This was consistent with previous findings for the slowly acquired, short-latency eye blink CR using the same click CS and tap US (Woody et al., 1970; Woody and Engel, 1972) . Given the close coupling between the activity of these cortical units and peripheral muscle contraction (Woody and Black-Cleworth, 1973; Fetz and Finocchio, 1975; Aou et al., 1992) an increased rate of spontaneous discharge could lead to unwanted muscle contraction and would not serve to support learning mechanisms that needed to be invoked repeatedly over the lifetime of the organism.
Spontaneous activity of CS-responsive and -unresponsive cells (Fig. 6 ) was increased in cats that received the Del HS paradigm after earlier conditioning of a blink CR (DHQ, and the.activity of CS-unresponsive units was increased after prolonged extinction and after backward stimulus presentations (DHS,) without previous conditioning. The behavioral significance of these changes is unclear.
Discriminative response to the CS
In cells separated according to their ability to respond to click CS or hiss DS, there was a selective increase in the magnitude of response to the CS and not to the DS after conditioning (Fig.  7) . There was also an increase in the number of cells responding to the CS. An increased number of responsive cells with an increased magnitude of response would support discriminative elicitation of the CR by the CS. Interestingly, in cells that were responsive to both click and hiss, the response to click CS was much larger than that to the hiss DS after conditioning (Fig. 7,  Both) . This suggested that a change presynaptic to these cells or a local change affecting primarily CS-activated synaptic conductances mediated this effect. Some responses in the motor cortex, such as the increase in numbers of CS-responsive cells and the selectively increased response to the CS in CS + DSresponsive cells, could reflect alterations originating in the auditory association cortex (cf. Woody et al., 1976) or rostra1 thalamus (Woody et al., 1991b) .
The forms of coding and processing represented by the changes in activity in motor cortex differed from those serving discrimination of similar stimuli in more posterior, cortical auditory areas. In the motor cortex, the number of cells responding to the CS and magnitude of response increased after blink conditioning, but the rate of baseline activity remained unchanged . In the auditory association cortex, the number of cells responding to the CS did not increase, but both baseline activity and the magnitude of response to the CS increased (Woody et al., 1976) . In the rostra1 thalamus, the magnitude of activity in response to the CS increased, as did the number of cells responding to the CS, while the baseline activity slightly decreased (Woody et al., 199 1) .
Neuroanatomical representation of mediation of blink CRs
Of considerable interest (Woody et al., 1970 (Woody et al., , 1974 Woody and Yarowsky, 1972; McCormick and Thompson, 1984; Yeo et al., 1984; Desmond and Moore, 1986; Thompson, 1986; Mauk and Thompson, 1987) is which neuronal pathways are involved in the development of short-and long-latency blink CRs. Conditioning-related changes in unit activity in response to auditory stimuli used as CS have been reported at many levels of the nervous system (Olds et al., 1972; Oleson et al., 1975; Disterhoft andstuart, 1976 Disterhoft andstuart, , 1977 Gabrielet al., 1976; Woodyet al., 1976; Kitzes et al., 1978; Ryugo and Weinberger, 1976; Weinberger, 1980 Weinberger, , 1982 Birt and Olds, 198 1; McCormick and Thompson, 1984; Moore, 1986, 1990; Desmond and Moore, 1986 ). The behavioral model of short-latency eye blink conditioning, in which relatively simple neural circuits may be involved, provides an opportunity for elucidating the primary circuitry mediating this type of conditioning.
The short latencies of response of many cells of the motor cortex to the CS suggest that neurons of this region are likely to lie along this primary pathway (Sakai and Woody, 1980) .
Lesions of the pericruciate cortex prevent development of the short-latency eye blink CR produced by pairing click CS and tap US without added stimulation of the hypothalamus (Woody et al., 1974) . Direct electrical stimulation of the motor cortex can be substituted for the click CS to produce a similar CR after pairing with tap US (Woody and Yarowsky, 1972) . Thus, the motor cortex with its descending projections appears to be both necessary and sufficient for the formation of short-latency blink CRs.
Generation of long-latency components of conditioned blink movements is thought to depend on cerebellar and subcerebellar circuitry in brain-lesioned rabbits Yeo et al., 1984) . Our results suggest that activity supporting initiation of these later components may also be generated in the intact cortical circuitry of awake cats. This may not represent simply a difference between species. Although decerebrated rabbits show some retention of a previously conditioned eyelid response, the amplitude of the conditioned response is reduced after decerebration (Mauk and Thompson, 1987) . The results support the hypothesis that neurons of the motor cortex may play a role in initiating both short-and long-latency conditioned blink movements, the latter by addressing neurons in the red nucleus, cerebellum, and subcerebellar nuclei that control patterned performance of the longer response.
